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Abstract 
New capacitatively coupled contactless conductivity detection (C4D) for microchip electrophoresis with enhanced detection 
limit down to ppb level is developed. Our approach to improve sensitivity is to restrict the detection cell to enhance the signal 
coupling into the confined detection cell. A C4D cell design consists of a pair of dual top-bottom RF emitting electrodes and a 
pair of receiving electrodes disposed downstream onto a very thin plastic microfluidic chip. The dual C4D electrode geometry in 
conjunction with thin electrophoresis microchips doubles the total cell capacitance while electrodes are very close to the channel 
therefore reduce the cell impedance with enhanced signal coupling resulting to enhanced signal to noise ratio, improved 
sensitivity and enables a more efficient signal coupling and extraction from the detection volume in the electrophoretic 
microchip. A detection limit of 0.3 - 1 µM has been demonstrated with this optimized dual C4D detector. The average detector 
sensitivity obtained is 42 mV/mM.  
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1. Introduction 
C4D has shown high sensitivity, high potential for miniaturization and integration into portable lab-on-a-chip 
devices with low detection limit of ppb level for determination of charge species such as organics, inorganics, and 
biomedical compounds [1-3]. C4D detection makes use of two electrodes placed in close proximity to a 
microchannel where electrophoresis is performed. An AC signal applied to one of the electrodes is capacitively 
coupled through the microchannel to a second pickup electrode. The coupled signal of identical frequency is weaker 
at the pickup electrode with a negative phase shift [4]. The coupled current is subsequently amplified and converted 
to a voltage, rectified, converted to a DC signal using a low pass filter, and then biased to zero before it is sent to a 
DAQ system for further processing [5]. Assuming the whole system as a series of capacitors and resistors, when a 
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 plug of ions injected into the separation channel passes through the section of the channel within the detection 
electrodes (detection cell), the total impedance of the system is decreased and an increase in the level of the pick up 
signal is produced for a short interval of time. This leads to a sudden change in the level of the final output signal 
and appears as a peak on the DAQ system. The geometry and placement of the sensing electrodes plays a very 
important role in the signal coupling and sensitivity of the C4D detection cell. Several C4D cell designs have been 
described in the literature [6]. Generally, in C4D microchip electrophoretic systems, the electrodes are affixed to the 
top of the thin cover that seals the microchannels and typically an anti-parallel configuration is adopted. This one 
sided “top-top” configuration has several drawbacks. Firstly, having the sensing electrodes at the same plane, the 
direct coupling or stray capacitance between them is strong. When the stray capacitance is high, the signal-to-noise 
ratio is lowered and the detector sensitivity decreases. To reduce or eliminate the stray capacitance, different 
strategies have been adopted such as placing a ground plane between the electrodes to shield the direct cross talk, 
and/or to place the electrodes laterally at the same plane as the channel either in parallel or displaced configuration. 
Another drawback of the “top-top” configuration is that the coupling and extraction of signals is one-sided. As the 
field lines from the electrode surface extend uniformly, only part of the electric field lines pass through the detector 
cell while the majority are lost into the channel walls and microchip bulk material. Consequently, ionic plugs 
passing through the detection interact only with limited number of field lines. As a result, the current that flows 
through the detection cell is restricted. In this work, we present a restrictive approach that scales down the detection 
cell using narrowed down channel and/or a new geometry of dual pairs of top-bottom excitation and pickup 
electrodes for C4D cell plus a portable system with shielded housing and integrated electronics. A schematic 
drawing of the C4D cell design is shown in Figure. 1a and 1b. A pair of excitation electrodes integrated into the 
housing of the device sandwiches the chip from top and bottom. Since the chip is very thin they become in close 
proximity to the channel couple the signal that is confined between them into the detection cell.  
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Figure 1. (a) Schematic of the C4D top-bottom detection cell electrodes arrangement. (b) Schematic of the restrictor-
C4D detection cell configuration. (c) Optical Prototype of LOC-C4D system built showing the dual C4D detection 
cell. (d) Schematic of a LOC- C4D analytical system comprising of an electrophoretic separation microchip and a 
C4D detection cell. Faradaic shield, ground plane, pick up electronics, electronic circuit, microfluidic chip. 
 
Since the electrodes are electrostatic image of each other connected together with similar potential, they form a 
closed conductor that repels the field lines out of the interior regions and focused into the detection gap between the 
electrodes. This enhances the signal interaction with the ion plugs. Therefore, it will lead to improved detection limit 
or sensitivity. In addition, both the top and bottom pick-up electrodes act collectively gathering the incoming 
coupled current through the fluidic cell. Figure 1 b shows the microfluidic channel has been also designed with a 
restrictive narrow channel cross section at the detection point. Due to this restriction, the detection cell length can be 
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increase without causing dispersive effects on the sample plug and at the same time a higher change of resistance 
over the signal background is obtained which translates into a higher output signal level. 
2. Materials and methods 
Plastic microchips were fabricated in thin sheets of polycarbonate (PC) or polymethyl methacrylate (PMMA). 
The plastic chips were imprinted and bonded using obducat nanoimprinting system with polymer sheets of 125 µm 
thickness 2×8 cm2. The microchannels were 50×50 um2. The embossing process was carried out at 165ºC and 20 
bars of pressure during 10 min using Si molds. Sealing of the embossed channels was performed by bonding a 
second substrate into which inlet reservoirs had been drilled. Bonding of the chips was performed at 140ºC and 10 
bars of pressure during 20 min. All chips had defined in a standard cross configuration where the injection channel 
had 2 cm and the separation channel 80cm length. The thin microfluidic chips with 50 µm deep imprinted channels 
bring the sensing electrodes at 125 µm and 75 µm for the top and bottom electrodes with respect to the channel. The 
electronic circuitry associated with the detector has been described in detail previously [5]. A standard function 
generator (GFG-8216A, Instek) was used to generate AC actuation signals for the thin plastic chips and top-bottom 
electrode design are 10 – 100 Vpp at 100 to 300 kHz. When desired, the AC amplitude was boosted by a purposed-
made HV-amplifier (based on an OPA3584). The weak current at the pick up side is amplified and converted to a 
voltage using an operational amplifier (OPA606, 2 MΩ feedba ck resistor). The amplified signal is sent to a rectifier 
(AD630) and low pass filter of then biased to zero and sent to a DAQ system. The DAQ system consisted of an 
external I/O card (NI USB-6251) connected to a computer and an in house LabVIEW program was used for data 
processing. The buffer for all experiments was 2-(N-morpholino) ethanesulfonic acid (MES)/histidine (His) at pH 6 
(Sigma, St. Louis, MO, USA). 10 to 30 mM buffer solutions were prepared by dissolving both reagents in Millipore 
water. 2 mM 18-Crown-6 was added to the running buffer as a complexing reagent for the separation of K+ and 
NH4+. 100 mM stock solutions of cations (NH4+ , Ca2+, Na+, Mg2+, Li+) were prepared from their chloride salts. 
Mn2+, Zn2+, Cu2+, Ni2+ solutions were prepared from the acetate salts. 100 mM stock solutions of anions (Br-, Cl-, 
NO2-, NO3-, SO42-, F-) were prepared from the corresponding sodium salts. The microchannels were initially filled 
by pressure with the separation buffer and preconditioned for 10 min. 
3. Results and discussion 
A series of electrophoretic analysis were carried out to demonstrate the improvement in the sensitivity of the dual 
top-bottom geometry compared to that of the top-top electrode geometry and the improvement in the sensitivity of 
the narrowed down restricted microchannel at the detection cell. The tests conditions were kept exactly the same 
with regard to the input signal (sine wave 300 kHz, 50 Vpp), detection length (2 mm), electrode width (1 mm) and 
buffer (10 mM MES-His, 2 mM 18-crown-6). The test sample was 4 cations of 0.05 mM concentration. Figure 2 
shows the comparison between the electropherogram obtained from restricted cell designs. Figure 2 a. shows the 
comparison between the dual top-bottom (black line) and top-top (grey line) configurations. The results indicate an 
increase of 20% to 30% in the peak heights from NH4+ to Li+. Figure 2 b shows for instance, the peak signal height 
of K+ at 50 µM concentration is increased from 20 to 28 mV. This indicates that the concentration/signal ratio has 
been decreased from 2.5 µM/mV to 1.7 µM/mV and thereby the sensitivity is improved. Fig. 2 d shows 
electropherogram of 6 cations. Calibration curves for these six inorganic cations were determined for concentrations 
of 0.01, 0.05, 0.1, 0.5, and 1 mM. The response was linear for the range tested; the correlation coefficients are 
summarized in Table 1. The repeatability of the analytical determinations were evaluated as percentage of relative 
standard deviations (%RSD) for the migration time, peak area, and peak height for consecutive injections of 
standard ionic solutions at 1 mM.  
4. Conclusion 
The improved performance C4D cell comprising restrictive conditions of dual electrode geometry and narrowed 
down channel at the gap in the detection cell have been shown. In conjunction with thin electrophoresis microchips 
doubles the total cell capacitance and enables an enhancement effect on the signal coupling into and on the 
extraction from the detection volume. The dual C4D cell was placed in a shielded housing to suppress external 
K.A. Mahabadi et al. / Procedia Chemistry 1 (2009) 1351–1354 1353
 noises and to avoid signal loss. An average detector sensitivity of 42 mV/mM was demonstrated. Detection limits 
obtained for cations were 0.3 μΜ and for anions 0.15 μM are obtained.  
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Figure 2. (a) Comparison of the signal intensity obtained using electrodes in dual top-bottom and top-top. (b) 
comparison of normal and restrictor channel (pink line). Separation buffer, 10mM  His/tris buffer solution; sample 
0.05mM cations (NH4+, K+, Na+, Li+). (c) Si molds used for  hot embossing of  the restrictor channel areas. (d) 
Analysis of NH4+, K+, Ca2+, Na+, Mg2+ and Li+ cations in a standard mixture with 0.1mM each ion. Operating 
conditions: microchip 8/7 mm total/effective length; electrolyte solution, 30 mM MES/His, 2 mM 18-crown-6 pH 6; 
separation voltage, 4 kV. C4D detector: 300 kH , 10 Vpp  electrode gap, 0.3 mm; electrode width, 1 mm. The 
separation buffer, 10 mM  MES/His, 2 mM 18-crown-6, pH 6.4 ; Electrokinetic injection were carried out at 1 kV 
for 2 s separation were achieved at 4 kV; effective separation length 6 cm; sample 0.05 mM cations (NH4+, K+, Na+, 
Li+); C4D detector: 50 Vpp at 300 kHz; electrode distance, 2 mm; electrode width, 1 mm.  
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